Background: Drosophila mojavensis has been a model system for genetic studies of ecological adaptation and speciation. However, despite its use for over half a century, no linkage map has been produced for this species or its close relatives.
Background
Evolutionary biologists have struggled to determine the number and types of genetic changes that lead to speciation. Recent advances in molecular techniques facilitate a more thorough investigation into these issues. For example, by mapping quantitative trait loci (QTLs) affecting interesting traits, we can explore the genetic basis of phenotypic variation between two populations that may lead to reproductive isolation.
One hallmark species used in studies of speciation and ecological adaptation is the desert cactophilic Drosophila mojavensis. D. mojavensis belongs to the mulleri complex of the repleta species group within the subgenus Drosophila. Unlike many well-studied Drosophila, its ecological niche has been well documented, and extensive cytogenetic work has been done on it and its close relative, D. arizonae [see e.g., [1] ]. With regard to speciation, D. mojavensis has been the subject of many genetic and phenotypic studies of mate choice [e.g., [2] [3] [4] [5] ], hybrid sterility and inviability [6, 7] , and variation in sperm and female sperm-storage organ length [8, 9] . However, all of these studies have been forced to use a handful of either allozyme or morphological mutant markers. Microsatellites have been isolated from this species before [10] , but they are unmapped and their sequences are not available.
Here, we present a microsatellite-based linkage map of the five major chromosomes of D. mojavensis using a new set of markers. We mapped 25 microsatellites to the X chromosome and 65 microsatellites spanning the four major autosomes. We also use our results to confirm the conservation of Muller's chromosome elements [11] across approximately 65 million years of evolutionary divergence between D. melanogaster and D. mojavensis [see [12] ]. Muller [11] had suggested that chromosomal elements conserve their identities (ie, complement of genes) across all Drosophila species, and several subsequent studies have supported this idea [e.g., [13] [14] [15] ], though only one study involving the repleta group [16] .
Results and Discussion
Primers were successfully developed for a total of 116 markers. Of these, 26 did not distinguish between the two isofemale lines that were used for mapping and were therefore not pursued. We mapped 25 microsatellites onto the X-chromosome, 10 onto chromosome 2, 7 onto chromosome 3, 13 onto chromosome 4, and 10 onto chromosome 5. Twenty-five more microsatellites were confirmed to be autosomal but could not be mapped because of segregating polymorphism within our lines. Microsatellites were named based on their localizations, where the fifth character of the name was an X if X-linked, A if unmapped autosomal, or a number indicating a specific autosome. The distribution of microsatellites across the chromosomes suggests a possible excess of repetitive sequences on the X-chromosome (27.8% observed vs. 20% expected assuming all chromosomes are similar in size, chi-square test, p = 0.07; 27.8% observed vs. 18.7% expected assuming chromosomes are the same size as D. melanogaster homologous chromosome arms, chi-square test, p = 0.03).
Using two female-parent backcrosses, we constructed a recombinational map of the Drosophila mojavensis genome using 34 of our microsatellites: 13 on the X-chromosome, 7 on chromosome 2, 4 on chromosome 3, 7 on chromosome 4, and 3 on chromosome 5. Recombinational distances are presented in Figure 1 . DMOJX040 was not placed in the figure because it was only 0.7 cM from DMOJX030. The recombinational lengths of the chromosomes generally exceed the homologous chromosome arms in D. melanogaster and some other Drosophila species. For example, the X-chromosome in D. mojavensis spanned 130.8 cM, while the X-chromosome in D. melanogaster spans only 73 cM. Even within the repleta species group, D. buzzatii has an X-chromosome that spans 109 cM [17] and D. hydei's X spans 116 cM [12] . Similarly, D. mojavensis chromosome 2 could only be assembled into three pieces that recombine freely from each other. This difference between species in recombinational length most likely indicates an overall greater recombination rate per megabase in D. mojavensis, but we cannot exclude dramatic differences in sequence lengths of the chromosome arms.
We recombinationally mapped some markers in a second cross because of segregating variation within the lines. Figure 1 presents the most conservative map, where all mark-ers were mapped against each other for any particular chromosome. However, we have some additional information about the linkage of other microsatellites. Specifically, we observed that DMOJ4200 is freely recombining from all the 4-chromosome markers between and including DMOJ4010 and DMOJ4060. Also, the following markers are freely recombining from each other on chromosome 5: DMOJ5100, DMOJ5200, DMOJ5300, and DMOJ5400.
To evaluate the conservation of Muller's elements across 65 million years, we used BLAST [18] to identify segments homologous to the sequences flanking the 65 microsatellites in D. mojavensis that were mapped to chromosome. We identified segments mapped to D. melanogaster chromosomes similar to 23 of the sequences isolated from D. mojavensis (see Table 1 ). The inferred homology of the arms are as follows (melanogaster:mojavensis): X:X, 2L:3, 2R:5, 3L:4, 3R:2 [19, 20] . Based on the BLAST results, all 23 D. mojavensis sequences matched D. melanogaster sequences on the homologous chromosome arms. This observation strongly supports the conservation of Muller's elements between the subgenera Drosophila (D. mojavensis) and Sophophora (D. melanogaster).
Conclusions
We have developed and mapped a panel of 90 variable microsatellites for genetic studies in a model system for ecological genetics and speciation: Drosophila mojavensis. Thirty-four of these microsatellites have been placed onto a detailed linkage map of this species. We also confirmed that Muller's chromosome elements were conserved between D. melanogaster and D. mojavensis, species separated by 65 million years of independent evolution, in 23 of 65 sequences tested. Given the long-term interest in this species for studies of adaptation and speciation, the construction of a linkage map and presentation of variable microsatellite sequences will facilitate future work in this area.
Methods

Isolation of microsatellite sequences
We used a modification of Hamilton et al's [21] enrichment technique to increase the proportion of microsatellites in the genomic DNA insert library prior to cloning [see also [22] ]. This procedure uses a subtractive hybridization, in which streptavidin-coated magnetic beads and biotinylated oligonucleotide repeats retain singlestranded genomic DNA fragments containing repeat sequences.
Genomic DNA was isolated from approximately 30 D. mojavensis individuals from a mixture of strains using the Puregene™ DNA Isolation Kit (Gentra Systems). Except where indicated, we used reagent concentrations and Linkage map of the five major chromosomes of Drosophila mojavensis Figure 1 Linkage map of the five major chromosomes of Drosophila mojavensis. From left to right, are the X-chromosome, chromosome 2, chromosome 3, chromosome 4, and chromosome 5. Kosambi recombinational distances between markers are on the left of each chromosome, and the microsatellite names are on the right. A question mark appears between markers or groups when markers were assigned to the same chromosomes but freely recombined from each other. 
Fly stocks
Several inbred lines of D. mojavensis were tested to determine the most suitable lines for constructing a microsatellite map based on microsatellite allelic differences between strains, bearing the same chromosomal arrangements, and lack of segregating microsatellite alleles. In the end, we selected the lines A993 (Rancho El Diamante, Sonora) and A924 (St. Rosa Mtns., AZ), obtained from Dr. William J. Etges. These lines were further brother-sister mated for 9-12 generations to ensure thorough inbreeding and a reduction of segregating alleles.
Microsatellite assay conditions
We designed two primers for each microsatellite-bearing sequence, one bearing an M13(-29) tail. A 10 µL PCR reaction was then performed using 0.5 µM of each primer, 1.0 µL of dNTPs, 1.0 µL of 10X PCR buffer (100 mM Tris pH 8.3, 500 mM KCl, 15 mM MgCl 2 ), 0.4 µL of IRDye (LiCor), 1U Taq DNA polymerase, and 0.5 µL from a single fly DNA preparation (Puregene). We sometimes added 1.0 µL of 10 mM MgCl 2 to the reaction or more polymerase to optimize the results of the PCR. A touchdown PCR cycle was performed [23] , and amplifications were visualized on acrylamide gels on our LiCor DNA analyzer.
